Abstrad-Using the theory of micropolar fluids due to Eringen, asymptotic boundary layer solutions are presented to study the combined convection from a vertical semi-infinite plate to a micropolar fluid. Consideration is given to the region close to the leading edge as well as the region far away from the leading edge. Numerical results are obtained for the velocity, angular velocity and temperature distribution. The missing wall values of the velocity, angular velocity and thermal functions are tabulated. Micropolar fluids display drag reduction and reduced surface heat transfer rate when compared to Newtonian fluids.
INTRODUCTION
Mixed convection from a semi-infinite vertical surface in Newtonian fluids has been analyzed by many investigators [1] [2] [3] . The two important circumstances that arise are due to the buoyancy forces aiding or opposing the forced flow. In the case of buoyancy-opposed regime, an adverse pressure gradient is caused by the buoyancy force. As a result, the external flow separates and reverses direction at some location downstream. Since similarity solutions are not possible for this and for many mixed convection flows, perturbation and finite difference methods are often used.
Although the previously mentioned investigations have been carried out for the Newtonian fluids, there exist relatively fewer studies concerning non-Newtonian fluids with microstructures such as polymeric additives, colloidal suspensions, animal blood, liquid crystals, fluid with additives etc. Eringen [4] has developed the theory of micropolar fluids which show microrotatation effects as well as micro-inertia. The theory of thermomicropolar fluids was developed by Eringen [5] by extending the theory of micropolar fluids. Gorla [6] studied the thermal boundary layer of a micropolar fluid at a stagnation point using the theory of micropolar fluids due to Eringen. The forced convective heat transfer characteristics of the micropolar fluid flow over a flat plate have been investigated by Gorla [7] . Jena and Mathur [8] obtained a similarity solution for the laminar free convective flow of a thermomicropolar fluid along a vertical flat plate.
In this paper, we have considered the mixed convection in the micropolar boundary layer flow on a vertical flat plate maintained at a uniform temperature Tw. A uniform laminar, incompressible, steady, micropolar fluid stream at velocity U"" and temperature T", flows parallel to the surface. A Blausius flow dominates near the leading edge where the buoyancy effects appear only as a perturbation of the imposed flow U"". Far downstream of the leading edge, for aiding effects, the flow is dominated by the buoyancy forces and the forced flow effect appears as a perturbation. Asymptotic boundary layer solutions are derived for the two regions, near as well as far away from the leading edge. Numerical results are presented for a range of values of the dimensionless material properties and Prandtl number of the fluid.
ANALYSIS
The governing equations for a steady, laminar, incompressible, micropolar fluid over a semi-infinite vertical flat plate with variable micro-inertia may be written within boundary layer approximation as: The boundary condition for the velocity field may be written as
For the temperature field, we have y =0: T= Tw (6) Proceeding with the analysis, we define a stream function 1jJ such that a1jJ u= ay and
Near the leading edge solution
In this region, forced flow dominates since the buoyancy force has acted over a small vertical distance. We now define the following dimensionless variables:
After substituting expressions in equation (7) into equations (2)- (4), we have:
a; a; In order to solve the governing conservation equations, we assume that
When the expressions in equation (12) are substituted into equations (8), (9) and (10) The shear stress at the surface of the plate is given by:
The friction coefficient is given by (14) where Rex = (pUoox / fl). The local heat flux may be written by Fourier's law as
The local heat transfer coefficient is given by
The local Nusselt number can be written as (17) Figures 1-3 display the numerical results obtained for the distribution of functions representing velocity, angular velocity and temperature within the boundary layer. The values 
,,= 0.5
Fig. 2. Distribution of angular velocity functions (near the leading edge region).
Fig. 3. Distribution of temperature functions (near the leading edge region). 
The overbars indicate variables which are associated with the above transformation are to be applied for downstream where the buoyancy effects are dominant.
After substituting expressions in (18) into equations (2)- (4) we obtain the following ordinary differential equations:
(1 + ~)F'~ -2(F(J)2 + 3F()F~ + ~S:J + Ho =0 (19) (1 + The appropriate boundary conditions are given by Figures 4-6 show the results for the velocity, angular velocity and temperature functions for this region. Tables 4-6 display the missing wall functions for the velocity, angular velocity and temperature functions. These quantities are useful in the evaluation of wall shear stress, wall couple stress and the surface heat transfer rate. The results indicate that the friction factor and heat transfer rate decrease as ~ increases. Micropolar fluids display reduction in drag as well as heat transfer rate when compared to Newtonian fluids. As the buoyancy parameter increases, heat transfer rate gets augmented.
In order to provide a matching between the two asymptotic solutions, one valid for the leading edge proximity and the other valid for far away distances from the leading edge region, we have proposed a graphical method. Figure 7 displays the friction factor vs ~ in which the two asymptotic solutions from equations (14) and (32) Figure 8 shows the results for the Nusselt number versus ;. Solutions for small ; and large; are obtained from equations (17) and (33), respectively. The solid curve denotes the matching between these two solutions. The theory of micropolar fluids due to Eringen is used to formulate a set of boundary layer equations for the mixed convective flow of an incompressible micropolar fluid along a vertical plate. Asymptotic solutions are presented for two regions, namely, the region close to the leading edge and the region far away from the leading edge. Numerical results are presented to illustrate the flow and heat transfer characteristics and their dependence on the material properties. The missing values of the velocity, angular velocity and thermal functions are tabulated for a range of values of the dimensionless material properties and Prandtl number of the fluid. 
